The caudal genes in vertebrates as in invertebrates assume a posterior position along the anterior-posterior axis and they appear to regulate the expression of the Hox genes. The third chicken caudal gene, Cdx-C, was cloned. Extensive comparisons of the sequence of this protein to the other known members of this homeobox family has lead to the suggestion that vertebrate genomes contain three members of the caudal homeobox family. A comparative study of the chicken Cdx-A and Cdx-C genes during gastrulation and neurulation revealed the differences between the genes. The caudal genes exhibit sequential activation in the newly formed neural plate and sequential extinction in axial midline structures during the primitive streak regression along the anterior-posterior axis. This pattern of expression suggests that the number and identity of caudal genes expressed along the anterior-posterior axis changes dynamically.
Introduction
Establishment of the anterior-posterior axis in the developing embryo has been the focus of intensive study over a long period of time. In Drosophila, mutant screens allowed a relatively detailed understanding of the establishment of this axis and intermediate positions along it have been obtained. The homeotic genes were also identified by genetic tools as genes establishing positions and identities along the anterior-posterior axis in the fly embryo (McGinnis and Krumlauf, 1992) . In vertebrates, the cognates of the homeotic genes (Hom-C) are the Hox genes which also appear to play a role in the establishment of axial positions (McGinnis and Krumlauf, 1992; Krumlauf, 1994) . Different Hox genes exhibit specific anterior-posterior patterns of expression (Duboule and Dolle, 1989; Graham et al., 1989; Dekker et al., 1992; Krumlauf, 1994) . Further support for this hypothesis has been obtained from the analysis of cases in which Hox gene activity has been modified either by the generation of mutations by homologous recombina-tion (Krumlauf, 1994; Maconochie et al., 1996) or by the generation of transgenic mice where the Hox gene is misexpressed, usually ectopic expression (Kessel et al., 1990; Krumlauf, 1994) . These observations and others have lead tO the suggestion that different anterior-posterior axial positions are determined by the combination of Hox genes expressed in a specific region, i.e. a 'Hox code' (Kessel and Gruss, 1991) .
The caudal homeobox gene in Drosophila is expressed maternally creating a posterior gradient (Mlodzik et al., 1985; Macdonald and Struhl, 1986; Mlodzik and Gehring, 1987) . This gene is capable of regulating the expression of other genes including posterior gap genes in the fly embryo (Macdonald and Struhl, 1986; Dearolf and Parker, 1989; Mlodzik et al., 1990; Rivera-Pomar et al., 1995) . Mutations in the caudal gene give rise to embryos affected in their posterior regions (Macdonald and Struhl, 1986) while ectopic expression results in head malformations and repression of homeotic gene expression (Mlodzik et al., 1990) . Caudal genes have been isolated and studied in a number of organisms including vertebrates such as zebrafish, Xenopus, chicken, mice and man. In all vertebrate embryos studied caudal gene expression can first be detected just prior to the formation of the mesodermal layer. During gastrulation and early neurulation all vertebrate members of the caudal family of homeobox genes exhibit a posterior expression pattern through the region that gives rise to the mesodermal layer, i.e. either the primitive streak or the blastopore (Blumberg et al., 1991; Frumkin et al., 1991 Frumkin et al., , 1993 Joly et al., 1992; Garner and Wright. 1993; Meyer and Gruss, 1993; Northrop and Kimelman, 1994; Beck et al., 1995; Morales et al., 1996; Epstein et al., unpublished data) . Later in development and adult life, caudal gene expression is restricted to the intestinal epithelium. The vertebrate genome contains at least three members of the caudal family of genes as in the case of mice, man and Xenopus. In the case of the chicken, two members have been reported. Although relatively extensive characterizations have been described for most caudal genes no comparative studies have been performed to determine the differences between the members of the family in one organism.
In the present study we describe the isolation of the third member of the chicken caudal family, Cdx-C. The sequence of the Cdx-C cDNA was determined and a comparison to the other members of the caudal family was performed. This comparison lead to the conclusion that vertebrate genomes contain three caudal genes. Cdx-C is expressed along the posterior region of the primitive streak during its elongation and when it reaches its full length, expression of this gene extends to the anterior end of the streak (Hensen's node). During regression of the streak and early neurulation Cdx-C expression remains restricted to the primitive streak. In order to elucidate developmental differences between the caudal genes we performed a parallel study of the expression of Cdx-A in similarly staged embryos. Cdx-A gene is expressed in more anterior regions of the elongating primitive streak than Cdx-C. During primitive streak regression both genes are expressed throughout the streak but Cdx-A shows limited expression in the newly formed neural plate. Both genes are extinguished at different developmental stages; Cdx-A transcripts disappear from the embryonic axis by stage 10 (10 somites) while Cdx-C is down-regu~ lated by stage 14 (22 somites).
Results

Cloning of the Cdx-C gene
The caudal family of homeobox genes has been shown in a number of organisms to include multiple members which exhibit partially overlapping patterns of expression. The vertebrate caudal genes are expressed in the intestinal mucosa in several different organisms; Cdx-A in the chick (Frumkin et al., 1991 (Frumkin et al., , 1994 , Cdx-1 and Cdx-2 in the mouse (Duprey et al., 1988; Hu et al., 1993; James et al., 1994) , and Cdx-1 in the rat (Freund et al., 1992) . In order to isolate new members of the chicken caudal family, a chicken intestinal mucosa cDNA library was screened under low stringency hybridization conditions. Low stringency screening was performed using different probes containing the homeobox region of five different caudal homeobox genes which included caudal from Drosophila (Mlodzik et al., 1985) , Cdx-A from chicken (Frumkin et al., 1991) , Xcad-1 and Xcad-2 from Xenopus (Blumberg et al., 1991) and Cdx-1 from mouse (Duprey et al., 1988) . To avoid re-cloning Cdx-A, the positive clones were re-screened at high stringency conditions using the C-27 cDNA clone as a probe, which contains most of the Cdx-A sequence downstream from the homeobox (Frumkin and Fainsod, unpublished data) . The isolated clones were screened by Southern blot analysis, using three different caudal type homeobox probes . One positive clone, C-3, was isolated which contains an insert 1.4 kb in length and a caudal type homeobox. Sequencing of the homeobox region of C-3 proved that it represents a new caudal type homeobox gene.
The caudal gene family
Initial characterization of Cdx-C was performed by sequencing the C-3 cDNA. The insert was sequenced on both strands after subcloning the appropriate restriction fragments. The nucleotide sequence of Cdx-C and the deduced amino acid sequence are shown in Fig. 1 . Comparison of the homeobox sequence of the C-3 clone with that of other caudal genes from different organisms and with that of Drosophila Antp revealed that C-3 shares high homology to the caudal family genes (Fig. 2) , i.e. 58.5-84.7% in the homeobox sequence and 65.5-96.7% in the deduced homeodomain. Due to its homology to caudal genes this new gene was named Cdx-C (caudal-type homeobox-C). Complete sequence analysis of the C-3 cDNA clone revealed a 1460 bp long insert with an 828 bp long open reading frame capable of coding for a 276 amino acid protein which includes the Cdx-C homeodomain. The AUG of the putative initiator methionine is present in the sequence 5'-AGCAUG at position 230-235 of the cDNA, which is a good consensus sequence for the initiation of translation (Cavener and Ray, 1991) . Comparison of the amino terminus of different caudal putative proteins with that of Cdx-C supports the conclusion that this methionine marks the initiation of translation (Fig. 2) . The homeobox mapped to nucleotides 763-943, amino acids 178-237 of the putative Cdx-C protein.
The stop codon in frame with the homeodomain appears 39 amino acids downstream from the homeodomain. The C-3 cDNA contains 232 and 400 bp of 5' and 3' untranslated sequences, respectively. The cDNA ends with a polyadenylation signal, AATAAA, 15 bp upstream of a poly (A) tail.
Together with Cdx-C, 18 different caudal sequences have been reported; one from C. elegans, Drosophila, B. mori, zebrafish, carp, hamster and rat, three from Xenopus, chick and mouse, and two from man. Comparison of the putative amino acid sequence of Cdx-C with that of the other 17 caudal proteins known revealed that several regions of homology exist outside the homeodomain. This comparison revealed that two genes of the caudal family are very similar to Cdx-C, i.e. Cdx-3 from hamster and Cdx-2 from mouse. The high homology between these three genes is not restricted to the homeobox region but extends to other regions of the protein suggesting that these genes are orthologous genes with a common evolutionary origin (Fig. 2) . The homology between the amino acid sequence of these three genes extends from the amino terminus of the protein all the way to the homeodomain. The homology from the amino terminus to the beginning of the homeodomain is 66.1% (117 out of 177 amino acids) between Cdx-C and Cdx-3 and the same level of homology was observed between Cdx-2 and Cdx-C. Certain regions are especially conserved between all the caudal family genes (Fig. 2 ).
Most of them show conservation of the amino terminus ( Fig. 2 ). There is a great degree of homology between the amino acids on both sides of the homeodomain. Therefore, the caudal type homeodomain seems to be larger by five amino acids in its amino terminus and three amino acids on the carboxy terminus (Fig. 2 ). The hexapeptide also shows similarity between the different members of the family (Fig.  2 ). The similarity between the different proteins outside the homeodomain shows the existence of sub-families, which strengthens the sub-division based on homeodomain sequences only (Fig. 2) 
Expression of Cdx-C during primitive streak elongation (up to stage 4 + )
Formation of the primitive streak morphologically defines the anterior-posterior axis of the embryo and marks the beginning of gastrulation (Hamburger and Hamilton, 1951; H&H). The primitive streak is a dynamic embryonic structure which elongates rostrally during the early stages of gastrulation and subsequently regresses as gastrulation proceeds with Hensen's node at its anterior tip. Analysis of the Cdx-C pattern of expression by whole mount in situ hybridization revealed that Cdx-C transcription becomes detectable at about stage 4, when the primitive streak has reached about 3/4 of its maximal length. At this stage, Cdx-C is transcribed from the caudal end of the primitive streak at the posterior marginal zone and its anterior boundary of expression localizes about half way along the streak length (Fig. 3A) . At the anterior boundary the signal forms a posterior-anterior gradient, until it disappears. Histological analysis of stage 4 primitive streak revealed that Cdx-C is transcribed in the epiblast cells in the vicinity of the primitive streak, in the cells of the primitive streak itself, and in all the endodermal and mesodermal cells that recently left the streak (Fig. 6A) . At stage 4 + the primitive streak reaches its maximal length and it marks the transition before its regression and the initiation of neurulafion. At this stage two marked differences in the Cdx-C pattern of expression can be observed. A major difference in the Cdx-C pattern of expression involves a change in its anterior boundary of expression (Fig. 3C) . With the transition to the regression of the primitive streak, Cdx-C expression extends throughout the primitive streak and its rostral boundary moves to Hensen's node. Secondly, there is a marked increase in the level of Cdx-C transcripts.
Cdx-C expression during primitive streak regression (stages 5-10)
At stage 5 (head process), the primitive streak starts its regression towards the posterior end of the embryo. Regression of the primitive streak marks the main wave in the formation of mesoderm and also the beginning of neurulation. From this stage onwards, the primitive streak will regress until it is replaced by the tailbud at stages 10-13 (Schoenwolf, 1979) . At stage 5 (H&H) the transcripts of Cdx-C appear all along the primitive streak, a pattern similar to that evolving at stage 4 + . Sections of embryos at this stage show that Cdx-C is strongly transcribed in the epiblast cells and in the mesodermal cells which had already invaginated but not in the endodermal cells (Fig. 6B) .
At stage 6 (head fold) the pattern of transcription of Cdx-C remains unchanged; Cdx-C is transcribed from the caudal end of the primitive streak, all along until the anterior-most part of it. The lateral regions of the sinus rhomboidalis exhibit Cdx-C expression, but on the other hand the center of Hensen's node does not exhibit expression of this gene (Fig. 4A) . At stage 7 the first somite pair is formed, and the primitive streak continues moving backwards. At stage 7 +, Cdx-C expression continues throughout the primitive streak, but in Hensen' s node region the signal forms a gradient (Fig.  4B) . Sections across the primitive streak at stage 7 + showed that Cdx-C transcription is in the epiblast, the streak itself and the forming mesoderm, but as before not in the endo- derm (Fig. 6C) . At stage 8 +, when four somites have been formed, Cdx-C transcription continues along the primitive streak, and also in the sinus rhomboidalis, which shows strong transcription of Cdx-C (Fig. 4C) . Cross sections of the primitive streak show transcription of Cdx-C in the epiblast and mesoderm cells. The lateral extent of the Cdx-C positive cells in the epiblast has become medially restricted, perhaps as a result of the fact that most of them have already migrated through the primitive streak to form the mesoderm (Fig. 6D) . Transcription is present also in mesoderm cells present between the epiblast and the endoderm. At this stage endodermal cells remain negative for Cdx-C transcription. At stage 9 the primitive streak has shortened dramatically but Cdx-C is still transcribed along the entire primitive streak, and in Hensen's node (Fig. 4D) . At this stage the signal is higher in the region around Hensen's node (the sinus rhomboidalis), which will form part of the developing somites. Sectioning across the primitive streak showed that Cdx-C transcription is the same as before (Fig. 6E) .
Cdx-C expression during early tailbud stages (stages 10+-13)
At stage 10 + (11 somites), Cdx-C transcription is seen along the whole remnant of the primitive streak and in Hensen's node, mostly at its sides (Fig. 5A) . At this stage expression of Cdx-C has changed and it is now apparent as two stripes encircling the node. At stage 11 (13 somites), the primitive streak has finished its regression and the tailbud starts forming (at stages 11-14; Schoenwolf, 1979) . At this stage Cdx-C is transcribed in the tailbud region, and in the caudal 1/3 of the open neural tube (Fig. 5B) . Histological analysis of embryos at stage 11 revealed that expression of Cdx-C in the region of the neural plate is solely localized to the open neural tissue (Fig. 6F) . In caudal regions of stage 11 embryos, Cdx-C expression is abundant in the forming tailbud (Fig. 6G) . Expression can be observed in the central region where formation of the germ layers takes place. In addition; expression in all three germ layers suggests that Cdx-C has been re-activated in the embryonic endoderm. At stage 12 + (18 somites), transcription of Cdx-C is limited to the caudal most part of the embryo, at the tailbud and more rostral expression in the developing neural plate (Fig. 5C) . Sectioning across the Cdx-C positive region showed that transcription is in the medially restricted region, in the mesoderm and in the endoderm of the closing gut. From about stage 14 onwards, no Cdx-C transcription can be detected along the axial structures of the embryo.
Comparison of the Cdx-A and Cdx-C early patterns of expression
To better understand the role of the Cdx genes a comparative study of the Cdx-A and Cdx-C genes was performed. The extent of overlap in their temporal and spatial patterns of expression could provide us with an insight as to their roles during embryogenesis. By whole mount in situ hybridization Cdx-A transcripts are first detectable at about the same time as Cdx-C (stage 3+-4). At this early stage there is already a difference in the localization of the transcripts of these two genes. While Cdx-C expression is localized to the posterior half of the primitive streak (Fig. 3A) , Cdx-A transcription is localized to the middle region of the streak without reaching the anterior-or posterior-most parts of this structure (Fig. 3B ). This observation suggests that different caudal genes are expressed in a partially overlapping pattern in the elongating primitive streak. At stage 4 + expression of both genes extends rostrally towards Hensen's node. The main differences between both Cdx genes is that Cdx-A expression still does not reach the posterior end of the primitive streak (Fig. 3D) , and Cdx-C expression is wider along the medio-lateral axis (Fig. 3C) .
During early neurulation (early streak regression, stages 5 and 6) no difference can be observed between the caudal genes ( Fig. 4A,E) . The first difference appears as the somites begin forming at stage 7. When one or two somites are seen, Cdx-A in contrast to Cdx-C appears to become transiently up-regulated, and its expression also includes the central region of Hensen's node (Fig. 4F ). Another major difference for Cdx-A is expression in the posterior newly formed neural plate where only transcripts of this gene can be detected (Fig. 4F) . By five somites, Cdx-A is clearly being down-regulated (Fig. 4G) , a process which becomes more evident at stage 9 (Fig. 4H) . No Cdx-A transcripts can be detected in axial structures by stage 10. With the down-regulation of Cdx-A, Cdx-C becomes upregulated (Fig. 4C,D) and it also takes over the neural plate expression (Fig. 5B) . As development continues and the tail bud begins forming, Cdx-A expression remains undetectable along axial structures (Fig. 5D ). At these same stages Cdx-C expression becomes down-regulated (Fig. 5A-C) until it becomes undetectable at about stage 14.
To determine whether some of the later aspects of caudal expression are also shared by different members of this gene family we analyzed the developing intestine. A detailed analysis of Cdx-A expression during gut closure and formation of the previllous ridges and the villi has been described (Frumkin et al., 1994) . To study the co-expression of Cdx-A and Cdx-C in the intestinal epithelium, fragments of 12 day embryonic intestine were subjected to whole mount in situ hybridization. Expression of both caudal genes was observed in the intestinal epithelium at day 12 of embryonic development (Fig. 7) . This result shows that Cdx-C like other caudal genes including Cdx-A is also expressed in the intestinal epithelium during its organogenesis.
Discussion
The Cdx-C gene and the caudal sub-families
The addition of Cdx-C brings the chicken together with Xenopus, mouse and man as vertebrate genomes in which three members of the caudal homeobox gene family have been identified. With the availability of the full-length Cdx-C sequence and extensive protein sequence comparisons we have been able to place all vertebrate caudal members in three groups based on homologous regions throughout the whole proteins (Fig. 2) . This observation suggests that the vertebrate genomes contain three caudal-type homeobox genes. The known caudal genes in non-vertebrate organisms appear to belong to a somewhat distant group. Comparison of the protein sequence of Cdx-C to that of the other caudal genes showed the greatest similarity in the homeodomain where the homology is 65.5-96.7%. The resemblance is not limited to the homeodomain but can also be observed along the whole protein sequence (Fig. 2) . Most members of the caudal family show (a) a very conserved amino terminus (MYVG/SYLLD/EKD/E), (b) a conserved hexapeptide (Y/CEWMRK/R) and (c) very conserved amino acids flanking both sides of the homeodomain (G/ VKTRT and KKK upstream and downstream, respectively). In addition further similarities help define the different subfamilies of caudal genes.
The first caudal subfamily (I) is composed of Cdx-A from chicken (Frumkin et al., 1991) , Cdx-1 from mouse (Duprey et al., 1988) , rat (Freund et al., 1992) and man (Bonner et al., 1995) , and Xcad-2 from Xenopus (Blumberg et al., 1991) . They all have a conserved amino terminus (MYVGYL/ VLDKD-N/PM/VYP-P). Downstream from the amino terminus there is another conserved motif (PAPPQYP/SDFA), and the hexapeptide sequence is specific for this group (L/ SSPGAQR-TPYEWMRRS). In all instances the homology between the mammalian genes tends to be higher, This family shows specific amino acids at positions 36, 37, 41 and 59 of the homeodomain. The proteins also show a conserved carboxy-terminal sequence where the mammals show a higher degree of conservation than Xenopus and chicken.
The second group of caudal genes (II) includes the chicken Cdx-C gene (this work) and the genes Cdx-2 from mouse (James et al., 1994) , Cdx-3 from hamster (German et al., 1992) , JRX/Cdx-3 from man (Inamori et al., 1993; German et al., 1994) and Xcad-1 from Xenopus (Blumberg et al., 1991) . The assignment of JRX to this group is based on limited homeodomain sequence available. The three fully sequenced members of this subfamily (Cdx-C, Cdx-2 and Cdx-3), share a great degree of identity along the amino terminus extending over 45 amino acids. These three genes share other identical sequences further downstream, i.e. AQSPGP, then HGLNGGSPAAAM. The hexapeptide region is also extended in this family, and the hexapeptide itself begins with a cysteine. Residues 36 and 37 of the homeodomain are also distinctive in this subfamily where the mammalian genes have alanine and threonine while Cdx-C and Xcad-1 show SS and VN, respectively. The carboxy-terminal sequence in this sub-family is also shared in part by all genes. All members of this family have the amino acid glutamine in the last position of their protein.
Finally, the third caudal sub-family (III) is represented by Cdx-B from chicken (Morales et al., 1996) , Cdx-4 from mouse (Gamer and Wright, 1993) , zfcad-1 from zebrafish (Joly et al., 1992) , cccdxl from carp (Stroband et al., 1995) and Xcad-3 from Xenopus (Northrop and Kimelman, 1994) . This subfamily shows a specific conserved sequence following the amino terminus (Y/FV/TGYHHV). All members of this family show the specific sequence TGKTRT just upstream from the homeodomain. In the homeodomain family-specific amino acids are observed at positions 2, 23, 36 and 37. All members of this sub-family besides Cdx-B, show a specific conserved carboxy terminus.
Temporal and spatial patterns of expression of the caudal genes
Analysis of the Cdx-C pattern of expression revealed that transcripts become detectable during primitive streak elongation stages. This early expression of Cdx-C is restricted to the posterior part of the streak. During later stages in development the pattern of Cdx-C expression is very similar to the patterns described for Cdx-A and Cdx-B (Frumkin et al., 1991; Frumkin et al., 1993; Frumkin et al., 1994; Morales et al., 1996) . During primitive streak regression all three genes are expressed throughout the streak and the neighboring regions. Out of the three caudal genes one of them will be expressed in what appears to be the highest levels and this same gene exhibits limited expression in the newly formed neural plate just anterior to Hensen's node (Fig. 8) . The gene being expressed in the neural plate is also the one destined to be the next one to be down-regulated so its expression will cease in axial structures, the primitive streak and the neural plate. The three caudal genes in the chicken embryo are switched off in a sequential manner. The first gene in the family to show neural expression and to undergo this switch off is the Cdx-A gene. The Cdx-A gene becomes undetectable along axial structures by stage 10 (Frumkin et al., 1993; this work) . In the case of Cdx-A the disappearance of the gene products include the mRNA and the protein which suggests elimination of Cdx-A activity at the transcriptional and translational levels. Cdx-C is the second gene that exhibits neural plate expression once Cdx-A has been down-regulated (Figs. 4 and 5) . Cdx-C transcripts become undetectable by about stage 14 at which stage only Cdx-B expression remains. Cdx-B is the last member of the family to show axial expression and by about stage 18 it disappears (Morales et al., 1996) . This pattern of expression for the members of the caudal family defines three time periods of roughly 15 h of development each (Hamburger and Hamilton, 1951) . In the first time window between stages 5 and 10, the three caudal genes are expressed but one of them is in decline (Fig. 8) .
The second time period is between stages 10 and 14 and during this window two caudal genes are expressed but one of them is decreasing. Finally, during the last time window between stages 14 and 18 only one caudal gene is expressed and it is in constant decline. This sequential down-regulation of the caudal genes together with the regression of the primitive streak provides a mode for establishing a gradient of caudal expression along the anterior-posterior axis (Fig.  8) .
In mouse and Xenopus where members of the caudal family have been studied in detail it has been shown that expression in the embryo is clearly detectable during gastrulation. In mouse embryos Cdx expression can be detected at about 7.5 days p.c. close to the onset of streak regression (Gamer and Wright, 1993; Meyer and Gruss, 1993; Beck et al., 1995) , and by about day 10 p.c. of development the transcripts become undetectable by in situ hybridization (Garner and Wright, 1993; Meyer and Gruss, 1993; Beck et al., 1995) . These two observations further support the fact that in mouse as in chicken embryo expression of the caudal genes remains restricted to the posterior regions of the embryo and with the regression of the primitive streak the Cdx genes become extinguished from axial midline structures. In Xenopus embryos, expression of the Xcad genes can be detected from early gastrulation (Blumberg et al., 1991; Northrop and Kimelman, 1994; Epstein et al., unpublished data) . In the frog embryo, expression of the three Xcad genes continues in the circumblastoporal region as the blastopore closes and then the transcripts continue to be localized to the posterior region of the embryo. Expression of all three Xenopus genes is extinguished as the tail grows. Essentially, the same results have been described for the zebrafish Zf-cadl gene (Joly et al., 1992) . Two main observations can be summarized for the vertebrate caudal genes; (a) their early expression which initiates during gastrulation remains restricted to the posterior region of the embryo as it elongates and anterior-posterior axial positions are established and (b) tailbud stages mark the time at which these genes will be down-regulated in axial structures.
The Drosophila caudal gene, the prototype for this family (Mlodzik et al., 1985) , and the C. elegans caudal gene, pal-1 (Hunter and Kenyon, 1996) are also both posterior determinants. In both cases the transcripts can be detected throughout the embryo but the protein becomes localized to the posterior region of the embryo through what appears to be translational suppression (Dubnau and Struhl, 1996; Hunter and Kenyon, 1996; Rivera-Pomar et al., 1996) . This way of establishing a posterior localization for the different caudal proteins is not dependent on the mode of early development as the Drosophila embryo develops as a syncytial blastoderm while the C. elegans embryo is cellular from the first cleavage. In vertebrates, caudal expression is zygotic and it initiates during gastrulation when the embryo is composed of a relatively large number of cells. In these embryos the strategy to place caudal gene expression as a posterior determinant is to couple it to the gastrulation 'structure' (the primitive streak or the blastopore). As these structures have the tendency to retract or remain in the posterior region of the embryo also caudal gene expression distances itself from the rostral end. Further evidence that suggests that caudal expression in vertebrates is posterior through transcriptional and not translational suppression comes from the analysis of the patterns of expression of the Cdx-A, Cdx-1 and Cdx-4 genes (Frumkin et al., 1991; Frumkin et al., 1993; Garner and Wright, 1993; Meyer and Gruss, 1993) . In all three cases expression of the genes has been studied by in situ hybridization and by immunohistochemistry. Until the extinction of axial expression there is a very good correlation between the localization of the mRNA and the protein.
Establishment of anterior-posterior axial positions
Several lines of evidence have placed the caudal genes as part of the genetic network establishing anterior-posterior axial positions in the developing embryo. In Drosophila manipulation of caudal expression either by ectopic expression or by analysis of mutants in this gene has shown a strong effect on the anterior-posterior axis in accordance to its posterior localization (Macdonald and Struhl, 1986; Mlodzik et al., 1990) . At the molecular level caudal has been shown to regulate the expression of the posterior genes giant and knirps (Rivera-Pomar et al., 1995; Schulz and Tautz, 1995) . In C. elegans mutations in the pal-1 gene cause posterior to anterior homeotic transformations through regulation of the Antp-type homeobox gene mab-5 (Waring and Kenyon, 1991) . In the mouse a mutation generated in the Cdx-1 gene via homologous recombination revealed that this caudal-type gene can function as a regulator of the Hox genes (Subramanian et al., 1995) . In these mutant mice alterations in the axial skeleton were observed. Further support for the role of caudal genes in the establishment of axial positions was obtained in Xenopus embryos where the Xcad-3 gene was placed downstream of eFGF signaling (Pownall et al., 1996) . Overexpression of the eFGF gene has been shown to result in the suppression of anterior structures (Isaacs et al., 1994) . In this study the eFGF and Xcad-3 genes were shown to regulate Hox expression (Pownall et al., 1996) .
Hox genes play an important role in the establishment of axial positions along the vertebrate anterior-posterior axis. Genes in this family through ectopic overexpression in transgenic mice and loss-of-function mutations affect anterior-posterior positions (Krumlauf, 1994) , in a manner similar to that described for the Drosophila homeotic genes (McGinnis and Krumlauf, 1992) . The Hox genes exhibit partially overlapping patterns of expression where one of the salient features is the anterior boundary of each gene, thus it has been proposed that anterior-posterior axial positions are determined in part by the combination of Hox genes expressed at a specific position (Kessel and Gruss, 1991; Kessel, 1992; Krumlauf, 1994) . The involvement of retinoic acid or other retinoids in the regulation of Hox expression has been well documented (Kessel and Gruss, 1991; Simeone et al., 1991; Kessel, 1992; Krumlauf, 1994; Conlon, 1995) . During gastrulation and early neurulation retinoic acid has been localized to the anterior-posterior axis in several vertebrate embryos supporting its role in the regulation of Hox genes (Hogan et al., 1992; Chen et al., 1994) . The results of the caudal involvement in Hox expression would suggest a possible role in their regulation. This model is further strengthened by the observation that the caudal genes are also expressed along this axis with a dynamically posterior localization. A time-dependent movement of caudal expression towards the posterior end of the embryo then would create a dynamic situation of caudal-positive and negative regions of the axis which could modify Hox expression. This process could be further refined by the sequential down-regulation of the different caudal genes taking place along the anterior-posterior axis.
Experimental procedures
Isolation of the Cdx-C cDNA
A cDNA clone of the Cdx-C gene, C-3, was isolated by screening a chicken intestinal mucosa cDNA library of a 7 week old male, in the lambda ZAP vector (Stratagene).
About 10 6 phage were screened with five different probes containing the homeobox sequences of five different caudal genes; caudal from Drosophila (Mlodzik et al., 1985) , Cdx-A from chicken (Frumkin et al., 1991) , Xcad-1 and Xcad-2 from Xenopus (Blumberg et al., 1991) and Cdx-1 from mouse (Duprey et al., 1988) . The probes were obtained by PCR, using the two caudal homeobox degenerate primers: CDU-5"-CGGGATCCGGNAAA/GACNC/AGNAC-NAA-GGAC/TAA-3' and CD3H-5'-CGGGATCCGC/GC-GA/GTTCTGA/GAACAAG/AA-3". Screening was first performed under low stringency conditions (Frumkin et al., 1991) . Briefly, the tilters were prehybridized for 4h at 37°C in a solution containing (in 50 ml): 22.5 ml DDW, 50 mg BSA, 50 mg PVP, 50 mg Ficoll 400, 2.2 g NaC1, 1.1 g Na-Citrate, 2 ml 1M NaPO4 buffer (pH 7), 1 ml Salmon Sperm DNA (10 mg/ml), 125 ml 20% SDS and 21.5 ml formamide (deionized). After prehybridization the 3~.p labeled probe was added to a similar solution and the tilters were hybridized under the same conditions overnight. The final washes of the library were performed in 0.1% SDS, 1 x SSC twice for 15 min at room temperature, and in 0.1% SDS, 1 x SSC twice for 15 min at 50°C. The phages isolated by the low stringency screen were screened again at high stringency conditions, using the Cdx-A C-27 probe (Frumkin and Fainsod, unpublished data) , which contains part of the Cdx-A cDNA. Briefly, the tilters were prehybridized and hybridized at 42°C in the same solution as under low stringency conditions but with 25 ml formamide. The final washes were performed in 0.1% SDS, 2 x SSC twice for 15 min at room temperature, and in 0.1% SDS, 0.2 x SSC twice for 15 rain at 65°C.
DNA sequencing
Sequencing was performed on both strands of the DNA by the dideoxy chain-termination method using the Sequenase version II kit (US Biochemicals). Sequencing of C-3 was accomplished by subcloning different fragments of the C-3 cDNA clone.
Whole mount in situ hybridization
Fertilized chicken eggs were obtained from local farms and incubated for the desired time. Embryos at the appro-priate developmental stages were dissected onto ice-cold PBS and staged according to Hamburger and Hamilton (Hamburger and Hamilton, 1951) . The in situ hybridization was carried out as previously described . The Cdx-C antisense RNA probe used was derived from the C-3 clone in Bluescript SK-. The DNA was cut with Cla 1, and transcription was performed with T3 RNA polymerase; the probe was labeled with digoxygenin-UTP. The Cdx-A antisense probe was derived from the C-33 clone in Bluescript KS- (Frumkin et al., 1991) . The DNA was cut with Cla 1 and transcribed with T7 RNA polymerase; the probe was labeled the same way as Cdx-C.
Histological analysis
After whole mount in situ hybridization part of the embryos were processed for histological analysis. The embryos were embedded in Histowax and 8/~m serial sections were collected on TESPA (3-amino-propyltriethoxysilane) treated glass slides. The slides were treated with xylene to remove the Histowax, counterstained with Fast Green and then rehydrated through an ethanol series. The sections were mounted with Entellan (Merck).
